Objective: Immunocompromised individuals are at an increased risk of pneumococcal disease. Vaccination is recommended as an important strategy to reduce risk of pneumococcal disease in HIV-infected individuals. This study evaluated the safety and immunogenicity of three 13-valent pneumococcal conjugate vaccine (PCV13) doses followed by one dose of 23-valent pneumococcal polysaccharide vaccine (PPSV23) at 1-month intervals in pneumococcal vaccine-naive, HIV-infected individuals.
Introduction
Immunologic deficits associated with HIV infection predispose individuals to an increased risk of pneumococcal disease compared with HIV-uninfected individuals [1] . Studies conducted in Africa and the United States found a nine-fold to 43-fold increase in invasive pneumococcal disease (IPD) among HIV-infected children compared with HIV-uninfected children before widespread use of HAART [1] . The rate of IPD is six to 324 times higher and recurrent disease was found to be five to nine times more common in HIV-infected adults than in uninfected adults [1] . When IPD occurred in adults infected by HIV, case fatality rates were as high as 33%; in adults with AIDS and bacteremic pneumococcal pneumonia, mortality rates reached 57% [1] . Although treatment of HIV-infected individuals with HAART has had a significant effect on the burden of IPD in children (51% reduction), and a more variable effect in adults, the risk of IPD remains 28 to 42-fold greater in HIV-infected individuals than in the healthy population [2] [3] [4] [5] [6] .
Vaccination of HIV-infected individuals with the 23-valent pneumococcal polysaccharide vaccine (PPSV23) has been recommended in many countries worldwide [7, 8] . However, a randomized, controlled trial of PPSV23 in HIV-infected patients in Uganda showed no efficacy [9] . Additional studies with PPSV23 have shown that this vaccine is often not immunogenic and poorly efficacious in HIV-infected children and adults who have or have not received HAART [10] [11] [12] [13] .
The seven-valent pneumococcal conjugate vaccine (PCV7) has been shown to be well tolerated and immunogenic in infants [14] , children and adolescents [15] , as well as adults [16] . In a study conducted in Malawi, the administration of two doses of PCV7 four weeks apart in HIV-infected adolescents and adults resulted in a vaccine efficacy of 74% against recurrent IPD caused by vaccine serotypes and 6A [17] . In addition, an investigational nine-valent pneumococcal conjugate vaccine was 65% efficacious for the prevention of IPD in HIV-infected infants [18] . The 13-valent pneumococcal conjugate vaccine (PCV13), which contains additional serotypes that are sometimes more prevalent in HIV-infected adults [19, 20] , may offer a greater breadth of protection than the earlier PCV7. Guidelines recommend that immunocompromised individuals (including those infected with HIV) who are PPSV23-naive should receive a single vaccination with PCV13 followed at least 8 weeks later with a single vaccination with PPSV23 [7] . Those who previously received PPSV23 should receive a single dose of PCV13 [7] .
As suppression of immune responses in HIV-infected individuals is frequently observed [21, 22] , this study assessed the potential advantage of a three-dose series of PCV13 administered 1 month apart. As PPSV23 is generally recommended in HIV-infected individuals, one dose of PPSV23 was administered 1 month after completion of the three-dose series of PCV13.
Materials and methods

Study design
This phase 3, open-label, single-arm study assessed safety, tolerability and immunogenicity of three doses of PCV13 followed by PPSV23 administered at 1-month intervals in pneumococcal vaccine-naive, HIV-infected individuals. The study was performed at 12 sites (nine in South Africa, three in Romania) and was conducted in accordance with International Conference on Harmonisation Guideline for Good Clinical Practice and the ethical principles that have their origin in the Declaration of Helsinki. Written informed consent was obtained from all individuals/parents/legal guardians before enrolment in the study. Independent ethics committees reviewed and provided written approval for all relevant study documents. This study is registered on ClinicalTrials.gov with identifier NCT00962780.
Study participants
Eligible individuals were at least 6 years of age at the time of enrolment, were HIV-infected with a CD4 þ T-cell count at least 200 cells/ml and a viral load less than 50 000 copies/ ml obtained on the most recent two occasions within 6 months before first vaccination; received a stable dose of HAART for at least 6 weeks before first vaccination, or were not receiving any antiretroviral therapy; and were naive to any licensed or experimental pneumococcal vaccine. Individuals were ineligible if they had active AIDS-related illness, including opportunistic infection or malignancy, previous anaphylactic reaction to any vaccine or vaccine-related component, or a history of cultureproven invasive disease caused by Streptococcus pneumoniae within 12 months before enrolment. The PPSV23 vaccine contains serotypes 1, 2,  3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F,  18C, 19F, 19A , 20, 22F, 23F and 33F. The vaccine is composed of 25 mg of each polysaccharide in phenol, sodium chloride and water per 0.5-ml dose.
Vaccines
Study objectives
The objectives of the study were to assess the immunogenicity of PCV13 after each of three PCV13 doses administered to HIV-infected individuals and to compare the antibody responses after three doses of PCV13 to those after two doses. Endpoints included evaluation of serotype-specific IgG geometric mean concentrations (GMCs) and serotype-specific opsonophagocytic activity (OPA) geometric mean titres (GMTs) in the overall study population, as well as in children (6 to <18 years of age) and adults (!18 years of age) separately. The safety of PCV13 was assessed by evaluating the incidence rates of local reactions, systemic events and adverse events.
Study assessments
Immunogenicity assessments Blood samples were obtained at each vaccination visit (Visit 1-4) and at Visit 5, approximately 1 month after vaccination with PPSV23. Antipneumococcal immune responses were evaluated by measuring serotype-specific anticapsular polysaccharide and functional antipneumococcal opsonophagocytic antibodies at each time point. For each of the 13 pneumococcal serotypes, serum concentrations of anticapsular IgG were determined using an ELISA employing two adsorbents: a C polysaccharide containing a purified lysate containing pneumococcal cell wall polysaccharide and serotype 22F capsular polysaccharide. Functional antipneumococcal opsonophagocytic antibodies to all PCV13 serotypes were measured by a validated OPA assay [23] . Titres in OPA assays were defined as the interpolated reciprocal serum dilution that results in complement-mediated killing of 50% of the bacteria in each OPA assay.
Safety assessments
Local reactions (redness, swelling, pain, limitation of arm movement) at the PCV13 injection site and systemic events (fatigue, headache, vomiting, diarrhoea, muscle pain, joint pain), and oral temperature were monitored daily for 14 days after vaccination and recorded in an electronic diary by the individuals/parents/legal guardians. Acute reactions were assessed for at least 20 min after each vaccination. Adverse events were also collected from the signing of the informed consent document through the visit 1 month after PPSV23 vaccination. Newly diagnosed chronic conditions that occurred between the visit 1 month after the PPSV23 vaccination and the 6-month follow-up telephonic contact were recorded. Serious adverse events were collected through the end of the study.
Statistical analysis
Sample size was based on the precision of the two-sided 95% confidence interval (CI) for the IgG mean-fold rise. A sample of 200 evaluable individuals provided precision of at least 0.237 on the two-sided 95% CI mean-fold rise among the PCV13 serotypes. Allowing for a rate of approximately 33% for dropouts and major protocol violations, a total of 300 enrolled individuals provided at least 200 evaluable individuals for the study. The evaluable immunogenicity population included all eligible individuals who received at least two PCV13 doses and had valid immunogenicity results 1 month after each dose for at least one serotype, received no prohibited vaccines and had no major protocol violations.
Pneumococcal serotype-specific IgG GMCs and OPA GMTs were calculated using logarithmically transformed assay results. At each visit, two-sided 95% CIs were constructed by back transformation of the CI for the mean of the logarithmically transformed assay results computed using the Student's t-distribution. IgG and OPA GMTs and geometric mean-fold rises (GMFRs) were computed for individuals aged at least 6 years, as well as for individuals 6-17 years and those aged at least 18 years. Differences in GMTs/GMCs were considered statistically significantly increased or decreased when the lower or upper limit of the two-sided 95% CI for GMFR was more than 1 or less than 1, respectively.
The safety population included all participants who received at least one dose of investigational product. The local reactions and systemic events, including fever and use of antipyretics and pain medication, were summarized for each PCV13 vaccination, age group and the overall study population separately. In addition, for local reactions and systemic events, including fever, the duration of the event was summarized using descriptive statistics. Exact two-sided 95% CIs (Clopper and Pearson) were constructed based upon the observed proportion of individuals. Adverse events were categorized according to the Medical Dictionary for Regulatory Activities. The adverse events and serious adverse events (SAEs) were summarized by age group and the overall study population separately for each vaccine dose. Table 1 . The majority of the individuals were female (54.5%) and black (84.7%), with a mean age at vaccination of 25.8 years. The mean ages for the paediatric and adult subgroups were 10.3 years and 41.2 years, respectively. HIV was acquired through sexual contact in 48.5% of all individuals, and in 94.7% of adults (!18 years of age); perinatal transmission occurred in 47.5% of all individuals, all of whom (95.3%) were in the paediatric subgroup. Nearly all individuals (97.3%) were on HAART; 70.8% had viral loads 50 copies/ml or less; the mean (SD) CD4 þ T-cell count was 717 AE 381 cells/ml. Demographic characteristics were generally similar between adult and paediatric individuals, unless otherwise noted.
Results
Individual disposition and baseline characteristics
Immunogenicity
The evaluable immunogenicity population consisted of 270 individuals for PCV13 dose 1, 266 individuals for PCV13 dose 2, 259 individuals for PCV13 dose 3 and 263 individuals for the PPSV23 dose. The most frequent reasons for exclusion from the dose 1 evaluable immunogenicity population were study eligibility (7.6%), most recent CD4 þ T-cell window more than 180 days (5.0%) or receipt of less than two doses of PCV13 in the sequence assigned (4.0%). Individuals excluded for these reasons were also excluded from the analysis at all subsequent doses.
There was an increase in IgG GMCs for all serotypes after dose 1 of PCV13 in the overall population with statistically significant increases in GMCs observed for all serotypes after dose 1 compared with before dose 1 ( Table 2 and Fig. 1a) . IgG GMCs were similar or increased for all serotypes after doses 2 and 3 of PCV13 compared with the previous doses and after the single dose of PPSV23 compared with PCV13 dose 3; however, increases were modest in contrast to those occurring from before to after dose 1 of PCV13. Statistically significant increases in IgG GMCs were observed for six of the 13 serotypes after dose 3 compared with after dose 2. In addition, IgG GMCs were only modestly increased after dose 3 compared with after dose 1 (see Table, Supplemental Digital Content 2, http://links.lww.com/ QAD/A692). Generally, results for the 6-to 17-year and the at least 18-year age groups were numerically similar to each other and to the overall evaluable immunogenicity population (see Table, Supplemental Digital Content 3, http://links.lww.com/QAD/A692). In both age groups, statistically significant increases in IgG GMCs were observed for all serotypes after dose 1 compared with before dose 1. IgG GMCs were comparable or modestly increased in both age groups for most serotypes after doses 2 and 3 of PCV13 compared with after the previous dose and after the single dose of PPSV23 compared with after PCV13 dose 3. Statistically significant increases in IgG GMCs were observed in five and three of the 13 serotypes in the 6 to 17-years and at least 18-years age groups, respectively, after dose 3 compared with after dose 2. A posthoc analysis of IgG GMCs according to sex found similar immune responses to those that occurred in the overall population (data not shown).
OPA GMTs increased for all serotypes after dose 1 of PCV13 in the overall population with statistically significant increases in OPA GMTs observed for all serotypes after dose 1 compared with before dose 1 ( Table 3 and Fig. 1b) . OPA GMTs were increased for most serotypes after doses 2 and 3 of PCV13 compared with after the previous dose and after the single dose of PPSV23 compared with after PCV13 dose 3; however, increases were modest compared with those occurring from before to after dose 1 of PCV13. In addition, OPA GMTs were only modestly increased after dose 3 compared with after dose 1 (see Table, Supplemental Digital Content, 2, http://links.lww.com/QAD/A692). Statistically significant increases in OPA GMTs were observed for all serotypes except serotype 14 after dose 3 compared with after dose 2. In both age groups, OPA GMTs increased for all serotypes after dose 1 of PCV13 (see Table, Supplemental Digital Content 4, http:// links.lww.com/QAD/A692). In general, after dose 1 compared with before dose 1, GMFRs were numerically similar between age groups, with a few exceptions; GMFRs for serotypes 4, 18C, 19F and 23F were numerically higher in the 6 to 17-year age group than in the at least 18-year age group, whereas the GMFR for serotype 7F was numerically lower in the 6 to 17-year age group than in the at least 18-year age group. In both age groups, OPA GMTs for all serotypes were comparable or modestly increased after dose 2 compared with after dose 1 and after PPSV23 compared with after PCV13 dose 3, whereas statistically significant increases were observed for all serotypes except serotype 14 after dose 3 compared with after dose 2. A posthoc analysis of OPA GMTs according to sex found similar immune responses as those seen for the overall population (data not shown).
Safety
The safety population included 301 vaccinated individuals. Local reactions and systemic events within 14 days of vaccination of each PCV13 dose in individuals at least 6 years of age are summarized in Table 4 . The majority of local reactions were mild to moderate in severity. Injection site pain was the most frequent local reaction. The mean duration of local reactions was similar after each of the doses and did not exceed 2.7 days. The rate of local reactions was similar among paediatric and adult individuals (see Table, Supplemental Digital Content 5, http://links.lww.com/QAD/A692). Generally, the percentage of individuals experiencing systemic events (mostly mild or moderate) decreased with each subsequent dose. The most frequently occurring systemic events were muscle pain, fatigue and headache. The mean durations of systemic events were numerically similar after each of the three doses and did not exceed 5.1 days. Fever at least 408C was reported in only one individual (after PCV13 dose 3). The frequency of systemic reactions was similar for paediatric and adult individuals (see Table, Supplemental Digital Content 5, http://links.lww.com/ QAD/A692).
Among individuals at least 6 years of age, the most frequently occurring types (system organ class) of adverse events after any PCV13 dose were infections and infestations (15.9% of individuals; 6-17 years, 18.0%; !18 years, 13.9%). The most frequently reported individual adverse events after any PCV13 dose were influenza, upper respiratory tract infection and cough. Infections and infestations were also the most frequently occurring types (system organ class) of adverse events among individuals at least 6 years of age after any investigational vaccine dose (PCV13 and PPSV23; 17.9% of individuals; 6-17 years, 19.3%; !18 years, 16.6%), and at the 6-month follow-up contact after the PPSV23 dose PCV13 in vaccine-naive, HIV-positive individuals Bhorat et al. 1349 Table 2 . IgG geometric mean concentrations (mg/ml) at each time point and geometric mean-fold rises between selected timepoints -evaluable immunogenicity population at least 6 years of age. GMCs were calculated using all individuals with available data for the specified blood draw.
c n, Number of individuals with valid and determinate assay results for the specified serotype at the given visit.
(0.7% of individuals for each age group). Eight individuals reported nine SAEs during the study, with similar incidence among adult and paediatric individuals; the most common were infections and infestations, experienced by three individuals; none of the SAEs were considered related to PCV13 as assessed by the investigator. One death (traffic accident) occurred during the study, which was deemed by the investigator as not related to PCV13.
Discussion
The conjugation of polysaccharides to carrier proteins enables the elicitation of antipolysaccharide T-cell dependent immune responses [24] . This is of particular importance to immunocompromised individuals such as those infected with HIV. Pneumococcal conjugate vaccines, including PCV7 and the nine-valent PCV, are immunogenic [16] [17] [18] 25] and have been demonstrated to reduce the risk of pneumococcal disease in HIV-infected individuals [17, 18] . Vaccination with PCV13 provides wider coverage against commonly occurring serotypes than the earlier PCVs. As observed in healthy individuals [26, 27] , recent studies in HIV-infected individuals suggest that vaccination with PPSV23 may blunt immune responses to subsequent pneumococcal vaccine administration [28, 29] . Pneumococcal conjugate vaccines have demonstrated efficacy in HIV-infected adults [17, 18] , whereas pneumococcal polysaccharide vaccines have failed to do so [9] . To avoid the potential risk for impaired responses by prior PPSV23 vaccination, the current study enrolled HIV-infected individuals naive to any prior pneumococcal vaccination and was conducted to describe the safety and immunogenicity of a three-dose series of PCV13 followed by one dose of PPSV23 administered 1 month apart.
There were significant increases in serotype-specific IgG GMCs and OPA GMTs after dose 1 of PCV13 compared with before the first vaccination. Further increases occurred after doses 2 and 3 of PCV13, but these were more modest compared with those seen after dose 1. Serotype-specific GMFRs after dose 1 compared with before dose 1 were greater than the GMFRs after dose 2 than after dose 1, and after dose 3 than after dose 2. Although IgG GMFRs and OPA GMFRs tended to be somewhat higher in the younger age group, immune responses were generally similar for paediatric and adult individuals.
Local reactions, systemic events and adverse events were generally mild, did not increase with the number of PCV13 doses administered and did not largely differ between the age groups.
Previous studies involving multidose pneumococcal vaccine regimens in HIV-infected older children and adults have not consistently demonstrated enhanced antipneumococcal responses compared with a single dose [16, 28, [30] [31] [32] [33] [34] . Some studies suggest that enhancement of the antipneumococcal response does occur following a second PCV injection [28, 32] , although this was not always seen [16] . This may be due, at least in part, to variability in the study size, immune and disease status of study participants (CD4 þ cell counts and viral load), receipt and type of HAART, pneumococcal immunization history and the particular endpoint(s) assessed.
Similar to the current study in PPSV23-naive, HIVinfected adults, a recent study evaluated three doses of PCV13 administered at 6-month intervals to HIVinfected adults previously vaccinated with PPSV23. IgG GMCs and OPA GMTs increased for all serotypes after the initial PCV13 dose with modest further increases after the second and third PCV13 doses [35] . Thus, second and third vaccine doses may provide little advantage for increasing circulating antipneumococcal antibody in this population. These data are consistent with findings from PCV13 in vaccine-naive, HIV-positive individuals Bhorat et al. 1351 Table 3 . Opsonophagocytic activity geometric mean titres at each time point and geometric mean-fold rise between selected time pointsevaluable immunogenicity population at least 6 years of age. GMTs were calculated using all individuals with available data for the specified blood draw.
earlier studies, which also indicated that pneumococcal conjugate vaccines induce functional antibody and establish immunologic memory [36] with a single vaccine dose [37] .
The immunocompromised status of HIV-infected individuals may affect functional responses to some vaccines [22, 38] . In the current study, even after the third PCV13 dose, the OPA GMT levels in the HIV-infected, PPSV23-naive study population 6À17 years of age were lower than after a single dose of PCV13 in healthy children of similar age regardless of prior PCV7 vaccination [39] . Among individuals aged at least 18 years, responses were lower than those in healthy adults up to age 60 years and similar to those elicited in healthy adults 60À64 years of age after PCV13 vaccination [27] .
PPSV23 is recommended in many countries for HIVinfected individuals; therefore, study participants received one dose of PPSV23 1 month after the third PCV13 dose. Immune responses after the single dose of PPSV23 showed that responses were generally maintained compared with responses after the last dose of PCV13.
As there was no control group receiving PPSV23 alone, it is not known whether the prior PCV13 doses enhanced the response to serotypes common to both vaccines.
In summary, PCV13 appeared well tolerated and immunogenic in pneumococcal vaccine-naive, HIVinfected individuals at least 6 years of age. A single dose of PCV13 elicited significant increases in IgG and OPA antibody responses from before to 1 month after vaccination, although two subsequent PCV13 doses given at 1-month intervals resulted in only moderate further increases of antibody levels.
On the basis of the potential benefit of PCV13, several countries have implemented recommendations for one dose of PCV13 vaccine in the vaccination regimen of HIV-infected adults [7, 40] . The safety and immunogenicity data from this study support PCV13 vaccination and current ACIP recommendations in this population. 
